Aminoglycosides are one of the most widely used and clinically important classes of antibiotics that target the ribosome. Hygromycin B is an atypical aminoglycoside antibiotic with unique structural and functional properties. Here we describe the structure of the intact Escherichia coli 70S ribosome in complex with hygromycin B. The antibiotic binds to the mRNA decoding center in the small (30S) ribosomal subunit of the 70S ribosome and induces a localized conformational change, in contrast to its effects observed in the structure of the isolated 30S ribosomal subunit in complex with the drug. The conformational change in the ribosome caused by hygromycin B binding differs from that induced by other aminoglycosides. Also, in contrast to other aminoglycosides, hygromycin B potently inhibits spontaneous reverse translocation of tRNAs and mRNA on the ribosome in vitro. These structural and biochemical results help to explain the unique mode of translation inhibition by hygromycin B.
INTRODUCTION
A large number of antibiotics act by targeting the ribosome (Hermann 2005; Poehlsgaard and Douthwaite 2005; Sutcliffe 2005 ). Antibiotics bind to specific sites on the ribosome and selectively affect a number of steps of the ribosomal translation cycle. The mechanisms of action of some antibiotics are now well established (Hermann 2005; Sutcliffe 2005; Borovinskaya et al. 2007a,b) . However, the mechanism used by hygromycin B to inhibit protein synthesis by the ribosome is not known despite years of intense study. Hygromycin B is an aminoglycoside antibiotic produced by Streptomyces hygroscopicus (Mann and Bromer 1958) . Widely used in veterinary medicine (Kelley and Olsen 1960; Biehl 1986 ) and in cell culture selections (Gritz and Davies 1983; Rao et al. 1983) , it kills bacteria (Davies et al. 1965) , fungi, and higher eukaryotic cells, including mammalian cells (Gonzáles et al. 1978; Eustice and Wilhelm 1984b) .
Hygromycin B possesses unique structural and functional properties when compared to other aminoglycosides. It has a dual ether linkage between its second and fourth rings, forming a third ring ( Fig. 1 ; Neuss et al. 1970; Sutcliffe 2005) . Other structurally related aminoglycosides such as neomycin, paromomycin, and gentamicin possess 4,5-substituted and 4,6-substituted 2-deoxystreptamine (2-DOS) cores which form ring II of the drugs, and a glucosamine sugar, or ring I, attached at position 4 in ring II (Fig. 1) . Rings I and II, common among most of the aminoglycosides, are thought to be the primary ribosome binding determinants of the drugs and to establish the drugs' functional properties Hermann 2005; Sutcliffe 2005; Borovinskaya et al. 2007a ). Hygromycin B has a 2-DOS core as its first ring but does not have a glucosamine ring I, which results in distinct properties of the drug (Konno et al. 2004) .
Hygromycin B effectively inhibits translocation of mRNA and tRNAs on the ribosome in both bacteria (Davies et al. 1965; Cabañas et al. 1978a; Peske et al. 2004 ) and eukaryotes (Cabañas et al. 1978b; Gonzáles et al. 1978; Eustice and Wilhelm 1984b) , and also has a subtle effect on decoding fidelity (Eustice and Wilhelm 1984a,b) , as it slightly increases aminoacyl-tRNA (A-site tRNA) affinity (Cabañas et al. 1978a ; Eustice and Wilhelm 1984a; Peske et al. 2004) . Gentamicin, paromomycin and neomycin preferentially target bacterial (Davies et al. 1964) and mitochondrial ribosomes, and to a lesser extent, eukaryotic ribosomes (Wilhelm et al. 1978; Eustice and Wilhelm 1984b; Manuvakhova et al. 2000) . These aminoglycosides exert multiple effects on protein synthesis: they cause miscoding (Davies et al. 1964; Davies et al. 1966 ) and also inhibit ribosomal translocation (Cabañas et al. 1978b; Misumi et al. 1978) , peptide release (Youngman et al. 2007) , and ribosome recycling (Hirokawa et al. 2002) .
Consistent with its more specific effect on translocation, hygromycin B exhibits monophasic inhibition of polypeptide synthesis (Zierhut et al. 1979) , suggesting that it binds to a single site on the ribosome. Neomycin, gentamicin, and paromomycin, in contrast, have a triphasic effect on translation that indicates the presence of multiple interacting binding sites on the ribosome for the drugs (Tai and Davis 1979; Zierhut et al. 1979; Jelenc and Kurland 1984) . Two functional binding sites on the ribosome for neomycin, gentamicin, and paromomycin have been identified, one in each ribosomal subunit (Misumi et al. 1978; Borovinskaya et al. 2007a) .
Structural and biochemical analysis of bacterial ribosomes revealed that hygromycin B has a binding site in RNA helix 44 (h44) of the small (30S) ribosomal subunit, next to the aminoacyl-tRNA binding site (Moazed and Noller 1987; Brodersen et al. 2000) . When bound to the intact 70S ribosome, hygromycin B protects N7 of G1494 in 16S rRNA from dimethylsulfate (DMS) modification, and enhances DMS modification of N1 in A1408 (Moazed and Noller 1987) . When hygromycin B binds to the isolated small ribosomal subunit, it enhances DMS reactivity of both G1494 and A1408 (Moazed and Noller 1987) . In contrast, neomycin, paromomycin, and gentamicin, which bind to a slightly different binding site in h44, strongly protect A1408 and G1494 in both the intact ribosome and isolated small ribosomal subunit (Moazed and Noller 1987) .
A number of mutations in the hygromycin B binding site confer resistance to the drug, including mutations U1406C, C1496U, and U1498C in 16S rRNA in Mycobacterium smegmatis (here and throughout the text an Escherichia coli numbering is used) (Pfister et al. 2003) , and a U to C transition in nucleotide U1495 in 18S rRNA in the eukaryote Tetrahymena thermophila (Spangler and Blackburn 1985) . In E. coli, mutation of either G1491 or C1409, which would break a base pair between these nucleotides, causes resistance to hygromycin B (De Stasio and Dahlberg 1990) .
The X-ray crystal structure of the small ribosomal subunit from Thermus thermophilus in complex with hygromycin B provided the first structural model of how the drug interacts with the 30S subunit . Based on the position of the hygromycin B binding site in h44 of the ribosome it was suggested that the drug could restrict or inhibit a conformational change in h44 crucial for the movement of this helix during translocation (Frank and Agrawal 2000) , although no conformational changes were directly observed in the structure . These structural data helped to explain the U1495C mutation that confers resistance to hygromycin B in eukaryotes (Spangler and Blackburn 1985) and the resistance mutations C1496U and U1498C found in M. smegmatis (Pfister et al. 2003) . However, the 30S subunit crystal structure does not reveal why the U1406C mutation in M. smegmatis (Pfister et al. 2003) or the G1491 and C1409 mutations in E. coli (De Stasio and Dahlberg 1990 ) confer resistance to the drug. This structure also does not explain an increase of chemical reactivity of A1408 to DMS modification in the 70S ribosome and an increase of reactivity of G1494 in the 30S subunit in the presence of hygromycin B (Moazed and Noller 1987) .
Hygromycin B weakly stabilizes tRNA binding to the ribosomal A site, but its potent inhibition of translation is thought to result primarily from its inhibition of mRNA and tRNA translocation, by a mechanism still to be determined (Davies et al. 1965; Cabañas et al. 1978a; Eustice and Wilhelm 1984a; Peske et al. 2004 ). Translocation only occurs on the intact ribosome (Spirin 1987; Horan and Noller 2007) . Thus, in order to shed light on the mechanism of hygromycin B inhibition, we have determined the structure of hygromycin B in complex with the intact E. coli 70S ribosome. We have also investigated effects of hygromycin B and other aminoglycosides known to inhibit translocation on reverse tRNA and mRNA movement in the ribosome, i.e., reverse translocation (Shoji et al. 2006; Borovinskaya et al. 2007b ). The observed structural interactions between the antibiotic and the ribosome, together with the biochemical data, help to explain the distinct mode of the translation inhibition by hygromycin B. 
RESULTS AND DISCUSSION

Binding of hygromycin B to the 70S ribosome
In the 70S ribosome, hygromycin B binds to a single site in RNA helix h44 of the small ribosomal subunit (Fig. 2) , consistent with the monophasic mode of translation inhibition by the drug (Zierhut et al. 1979) . In contrast, aminoglycosides gentamicin, neomycin, and paromomycin, which exhibit a triphasic inhibition pattern (Tai and Davis 1979; Zierhut et al. 1979) , bind to h44 of the small ribosomal subunit and to RNA helix 69 (H69) of the large ribosomal subunit (Borovinskaya et al. 2007a) . Therefore, it is likely that helix h44 in the small subunit is targeted by all 2-DOS containing aminoglycosides, whereas the H69 binding site is involved in the triphasic effects of neomycin, gentamicin, and paromomycin on translation (Zierhut et al. 1979) . The binding site of hygromycin B in h44 is located a few angstroms away from that of the other aminoglycosides. Moreover, due to the rigidity of the hygromycin B molecule, it is unable to fit into binding pockets in either h44 or H69, where other 2-DOS aminoglycosides bind (not shown).
In the 70S ribosome, hygromycin B binds to the same site within h44 as seen in the structure of the 30S subunit in complex with the drug . However, the conformation of the antibiotic, its interactions with 16S ribosomal RNA, and its effects on the conformation of h44 differ substantially from those observed in the 30S subunit structure (Figs. 2, 3 ). The first ring of the antibiotic is rotated 180°with respect to that modeled in the 30S subunit structure , and forms a network of hydrogen bonds that spans the major groove of nucleotides C1404, G1405, U1406, and G1494-C1496, to the phosphate of G1494 ( Fig. 2B-E) . The second ring hydrogen bonds to C1403 (Fig. 2C,F) . The fourth ring is rotated away from the P site toward the A site in the present structure compared to that in Brodersen et al. (2000) , and forms hydrogen bonds with A1493 and with the phosphate of U1495 (Figs. 2F, G, 3) . In the present 70S ribosome structure, hygromycin B changes conformations of three universally conserved adenosines, A1492 and A1493 in 16S rRNA and A1913 in 23S rRNA (Cannone et al. 2002) . The drug induces A1493 of 16S rRNA to flip out of h44, and reorients A1492 of 16S rRNA and A1913 of 23S rRNA (Figs. 2, 3, 4) . This conformational change was not observed in the structure of the 30S subunit in complex with hygromycin B ( Fig. 3 ; Brodersen et al. 2000) .
Binding of neomycin, gentamicin, or paromomycin to h44 of the 70S ribosome causes nucleotides A1492 and A1493 in 16S rRNA to flip out of h44 in the correct conformation to interact with the minor groove of the A-site codonanticodon helix ( Fig. 4 ; Selmer et al. 2006; Borovinskaya et al. 2007a) . Also, upon aminoglycoside binding nucleotide A1913 in 23S rRNA flips toward the A-site anticodon binding site (Selmer et al. 2006; Borovinskaya et al. 2007a ). The conformational switch of A1492 and A1493 in 16S rRNA occurs upon binding of a cognate tRNA-mRNA complex to the ribosome, and thus is thought to aid in the discrimination of cognate versus noncognate tRNA during aminoacyl-tRNA selection by an induced fit mechanism Ogle et al. 2001) . The fact that neomycin, gentamicin, or paromomycin themselves promote the concerted flipping of these three adenosines across the ribosomal subunit interface prior to tRNA binding (Borovinskaya et al. 2007a) indicates that these aminoglycosides likely increase A-site tRNA affinity to the ribosome (Peske et al. 2004 ) by stabilizing the above conformation of the three adenosines, thereby inducing miscoding and possibly inhibiting translocation Ogle et al. 2001; Selmer et al. 2006) .
In contrast to structures of the 30S subunit and 70S ribosome with neomycin, gentamicin, or paromomycin Ogle et al. 2001; Selmer et al. 2006; Borovinskaya et al. 2007a ), binding of hygromycin B orients A1493 between the positions that would be occupied by A-site and P-site tRNAs (Figs. 2A, G, 4) , although the adenine base of A1493 is not very well ordered. Nucleotides A1492 in 16S rRNA and A1913 in 23S rRNA undergo a rather modest conformational change when hygromycin B binds, as opposed to the large change in the complexes with neomycin, gentamicin, and paromomycin. In the hygromycin B complex, A1492 maintains base stacking with A1913 at the tip of H69 in the 50S subunit, a contact that serves as an intersubunit bridge in the apo-70S ribosome structure (Schuwirth et al. 2005) , although the conformations of both A1492 and A1913 differ from those in the vacant 70S ribosome structure.
The mode of binding of hygromycin B and conformational changes in rRNA structure observed upon binding of hygromycin B help explain its effect on the reactivity of A1408 and G1494 in 16S rRNA to chemical probes ( Fig.  2C -E; Moazed and Noller 1987) . In the intact 70S ribosome hygromycin B shields G1494 and forms a hydrogen bond to N7 of G1494, thus protecting it from DMS modifications ( Fig. 2C-E) . The rearrangement of A1492 in 16S rRNA and A1913 in 23S rRNA upon binding of hygromycin B opens up a way for the chemical probe to reach A1408, and explains enhanced reactivity of N1 in A1408 to DMS modification in the presence of the drug ( Fig. 2E ; Moazed and Noller 1987) . The conformational changes observed in the present structure would expose both A1408 and G1494 to chemical probes in the isolated 30S subunit (Fig. 2C,E ), in agreement with chemical protection data (Moazed and Noller 1987) , but in contrast to the crystal structure of the 30S subunit in complex with hygromycin B where no structural changes were observed upon binding of the drug.
The present structure also helps to explain hygromycin B resistance mutations. The methylamine group of ring 1 of hygromycin B forms hydrogen bonds with the O4 carbonyls of U1406 and U1495, and the hydroxyl adjacent to the methylamine group in ring 1 contacts the N4 exocyclic amine of C1496 (Fig. 2D ). These favorable contacts between ring 1 of hygromycin B and h44 of 16S rRNA would be disrupted in the resistant mutants U1406C and C1496U in 16S rRNA in Mycobacterium smegmatis (Pfister et al. 2003) and in the U1495C mutant in 18S rRNA in Tetrahymena thermophila ( Fig. 2D ; Spangler and Blackburn 1985) . In addition, nucleotides U1406 and C1496 base pair with U1495 and G1405, respectively, which provide crucial structural components of the hygromycin B binding pocket. Mutations in U1406 or C1496 would break these base pairs and thus distort the hygromycin B binding site (Pfister et al. 2003) .
Two sets of mutations are more challenging to interpret in light of the present structure. Despite the fact that base paired nucleotides C1409-G1491 do not directly interact with hygromycin B (Fig. 2C,E) , mutations in these nucleotides lead to resistance to the drug (De Stasio and Dahlberg FIGURE 3. Superposition of the hygromycin B and h44 conformations observed in the present structure of hygromycin B bound to 70S ribosome with the structure of hygromycin B bound to 30S ribosomal subunit . For the present structure, hygromycin B and 16S rRNA are shown in gold and light blue, respectively. Hygromycin B and 16S rRNA from the 30S subunit structure are in gray. Model of the hygromycin B binding site in h44 (light blue) with mRNA and tRNAs bound. A-site tRNA (orange), P-site tRNA (dark blue), and mRNA (green) were superimposed with the present structure based on the structures of the T. thermophilus 70S ribosome (Yusupov et al. 2001; Selmer et al. 2006) . Positions in the P-site and A-site mRNA codons are numbered from +1 as the first base of the P-site codon to +6 as the third base of the A-site codon. In A, B, D, E, and F, rings are labeled with numbers. 1990). Breaking this base pair could confer resistance by compromising stability of the helix, or by perturbing the conformation of the hygromycin B binding pocket. Hygromycin B also does not make direct contact with U1498, making it hard to explain the resistance mutation U1498C found in M. smegmatis ( Fig. 2F ; Pfister et al. 2003) . It should be noted that the U1498C mutation had the lowest level of resistance among three mutations found in this bacterium, U1406C, C1496U, and U1498C.
Notably, the nucleotides involved in binding of hygromycin B and/or those required for hygromycin B sensitivity (Spangler and Blackburn 1985; De Stasio and Dahlberg 1990; Pfister et al. 2003) are universally conserved in all three domains of life (Cannone et al. 2002) . This explains the lack of specificity and general toxicity of hygromycin B.
Effect of hygromycin B on reverse translocation
Hygromycin B is thought to inhibit translation primarily by affecting translocation (Cabañas et al. 1978a; Peske et al. 2004) , the coupled movement of tRNAs and mRNA on the ribosome following the formation of each peptide bond. Hygromycin B blocks multiple-turnover translocation, and decreases the rate of single-round translocation by over 300-fold (Peske et al. 2004 ). Translocation, catalyzed by elongation factor G (EF-G) in a GTP-dependent reaction, is the movement of the tRNA substrates from the A (aminoacyl-) and P (peptidyl-) sites on the ribosome to the P site and E (Exit) sites, respectively (Watson 1964; Wettstein and Noll 1965; Rheinberger et al. 1981) , coupled with shifting of mRNA in the 59 direction by one codon and thus opening the A site for a new round of mRNA decoding and aminoacyl-tRNA binding. Translocation is thought to occur in several kinetically and structurally distinct steps, where the peptidyl-tRNA and deacylated tRNA move first with respect to the 50S subunit, and then move with respect to the 30S subunit (Moazed and Noller 1989; Frank and Agrawal 2000; Savelsbergh et al. 2003; Valle et al. 2003; Peske et al. 2004; Sharma et al. 2004; Schuwirth et al. 2005; Dorner et al. 2006; Wilden et al. 2006; Frank et al. 2007) .
Notably, in the absence of EF-G, the ribosome is capable of performing translocation by itself, but at much slower rates (Pestka 1969; Gavrilova et al. 1976 ). Furthermore, the ribosome can support back-translocation, or reverse translocation, in both factor-dependent (Qin et al. 2006 ) and spontaneous (Shoji et al. 2006; Konevega et al. 2007) reactions. In the spontaneous reverse translocation reaction, i.e., reaction in the absence of EF-G and GTP, the pretranslocation (PRE) complex is formed by reverse translocation of peptidyl-tRNA from the P site and deacylated tRNA from the E site (the post-translocation, or POST, state) into the A and P sites, respectively (Shoji et al. 2006; Konevega et al. 2007 ). Movement of mRNA in the 39 direction happens spontaneously upon E-site tRNA binding, without tRNA dissociation from the complex (Shoji et al. 2006) . Interestingly, aminoglycosides affect the rate of the spontaneous reverse translocation reaction in strikingly different ways (Fig. 5A) . Hygromycin B decreases the rate of reverse translocation by threefold, and also substantially affects the extent of the reaction, namely, decreases the final population of the PRE complex ( Fig. 5A ; Table 1 ). In contrast, neomycin, gentamicin, and paromomycin increase the observed rate of reverse translocation by two-to threefold and have no effect on the extent of the reaction ( Fig. 5A ; Table 1 ).
Neomycin and paromomycin, along with other antibiotics that inhibit translocation, also promote reverse translocation of POST complexes into the PRE state even in the presence of EF-G and GTP (Shoji et al. 2006; Borovinskaya et al. 2007b ). In the reversible reaction of translocation, the drugs were proposed to strongly inhibit the forward translocation reaction with little or no effect on reverse translocation (Shoji et al. 2006) . Notably, when compared to the other 2-DOS containing aminoglycosides, hygromycin B has the weakest effect on conversion of the POST into PRE complexes in the presence of EF-G/GTP, while neomycin and gentamicin are the most efficient (Fig.  5B ). This suggests that hygromycin B only weakly, if at all, stabilizes the PRE state in the presence of EF-G/GTP, when compared to the other 2-DOS aminoglycosides (Shoji et al. 2006) .
Insights into the mechanism of translation inhibition by hygromycin B
There are several possible mechanisms by which antibiotics could inhibit translocation. They can stabilize tRNAs in FIGURE 4. Superposition of the h44 conformations observed in the present structure of the E. coli 70S ribosome in complex with hygromycin B (rRNA in light blue) and in the structure of the T. thermophilus 70S ribosome in complex with tRNAs, mRNA, and paromomycin (rRNA in gray) (Selmer et al. 2006) . Hygromycin B, paromomycin, and the P-site codon of mRNA were removed for clarity. The A-site tRNA is shown in orange and the A-site codon of mRNA is in green. In the presence of only paromomycin (or the related aminoglycosides neomycin or gentamicin), h44 of the 70S ribosome adopts the same conformation as that observed in the presence of paromomycin and tRNAs and mRNA (Selmer et al. 2006; Borovinskaya et al. 2007a). their respective binding sites on the ribosome, thereby increasing the energy barrier of translocation. Alternatively, antibiotics can either block the conformational changes on the ribosome that are required for translocation to occur, or induce conformational changes that would interfere with translocation.
The unique behavior of hygromycin B, which strongly inhibits spontaneous reverse translocation ( Fig. 5A ; Table  1 ), can be explained by the structural results presented above. In the hygromycin-bound structure, nucleotide A1493 flips out of h44 into a position between those that would be occupied by A-site and P-site tRNAs ( Fig. 2G ; Yusupov et al. 2001; Selmer et al. 2006) . In this position, A1493 would not interfere with A-site tRNA binding during mRNA decoding, although it might contribute to the slight increase of A-tRNA affinity caused by hygromycin B (Fig. 4 ; Cabañas et al. 1978a; Eustice and Wilhelm 1984a; Peske et al. 2004 ). However, in this position, A1493 would cause a steric block to the movement of tRNAs between the A and P sites, both in the forward and reverse directions (Figs. 2G, 5A ; Table 1 ). Alternatively, A1493 in its conformation adopted upon hygromycin B binding could interact with the A-site codon of the mRNA (Figs.  2G, 4) . Finally, hygromycin B binds to the ribosome in a position to contact the backbone of the P-site mRNA codon via its second ring (Fig. 2G) . Therefore, translocation inhibition by hygromycin B (Fig. 5 ; Cabañas et al. 1978b; Eustice and Wilhelm 1984b; Peske et al. 2004 ) may result from a steric block between the A and P sites caused by A1493, and from confinement of mRNA in the A and P sites. It should be noted that hygromycin B might induce larger conformational changes in the ribosome when A-site tRNA is bound compared to what is observed here with a vacant ribosome (Jerinic and Joseph 2000) .
The structural results also help to explain the observation that hygromycin B only weakly promotes POST to PRE conversion in the presence of EF-G and GTP (Fig. 5B) . By slightly increasing the affinity of the A site for tRNA and restricting mRNA movement, hygromycin B would lead to a small increase in PRE complex formation by completely abolishing EF-G/GTP-dependent forward translocation, while promoting slow reformation of the PRE complex via tRNA dissociation and rebinding to the A site (Shoji et al. 2006) . A similar mechanism of restricted mRNA and tRNA movement coupled with tRNA dissociation and rebinding would also explain hygromycin B inhibition of spontaneous reverse translocation ( Fig. 5A; Table 1) . Notably, the inhibitory action of hygromycin B does not require the presence of elongation factors (Cabañas et al. 1978a) . Unlike neomycin, gentamicin, and paromomycin, hygromycin B has no effect on binding of EF-G to the 70S ribosome in the presence of nonhydrolyzable GTP (Campuzano et al. 1979) . Indeed, based on the data we present here, hygromycin B would interfere with translocation primarily by affecting mRNA movement on the ribosome and increasing A-tRNA affinity, both in the presence and in the absence of EF-G. Future experiments will be required to confirm this model. Amplitude refers to the completeness of the given reaction, i.e., to the population of the PRE complex at the time the reaction was stopped.
FIGURE 5. Effect of the aminoglycosides on reverse translocation. (A) Spontaneous reverse translocation upon addition of E-site tRNA to ribosomes programmed with mRNA and P-site bound N-acetylVal-tRNA Val in the absence of antibiotics (diamonds) and in the presence of neomycin (upward-pointing triangles), paromomycin (squares), gentamicin (circles), and hygromycin B (downward-pointing triangles). In all cases the data fit to a single exponential function (Table 1) In contrast, neomycin, paromomycin, and gentamicin strongly promote reverse translocation both in the presence of EF-G/GTP and in the spontaneous reverse translocation reactions. Presumably, they increase A-tRNA affinity and stabilize the pretranslocation state of the ribosome, thus inhibiting the forward translocation reaction predominantly with little or no effect on the reverse reaction (Shoji et al. 2006; Borovinskaya et al. 2007a) .
The results presented here provide evidence that different 2-DOS aminoglycoside antibiotics inhibit translation through structurally and functionally distinct mechanisms. All four of the 2-DOS aminoglycosides examined here target the decoding site of the ribosome by binding to h44 of the small ribosomal subunit. Binding of the antibiotics to this site is sufficient to cause substantial inhibition of translation through two different modes of drug binding. Whereas neomycin, paromomycin, and gentamicin induce a local conformational rearrangement that traps A-site tRNA on the ribosome Selmer et al. 2006; Borovinskaya et al. 2007a) , hygromycin B may act by confining the movement of mRNA and by blocking the tRNA path between the A and P sites. Potent inhibition of translocation and ribosome recycling by neomycin, paromomycin, and gentamicin may also depend on a second aminoglycoside binding site in H69 of the large ribosomal subunit (Borovinskaya et al. 2007a ). The distinct modes of translation inhibition seen with different classes of aminoglycosides could have implications for the design of new antibiotics, and for improving their veterinary use and clinical use in aminoglycoside antibiotic therapy (Senior 1999; Manuvakhova et al. 2000; Kimura et al. 2005; Croft et al. 2006) .
MATERIALS AND METHODS
Crystallization, data collection, and structure refinement
Ribosomes from E. coli strain MRE600 depleted of protein S1 were crystallized as described (Schuwirth et al. 2005) . Large single crystals were cryo-protected as described (Borovinskaya et al. 2007b) prior to flash-freezing in liquid nitrogen. Hygromycin B (Sigma) at a saturating concentration of 0.08 mM (Cabañas et al. 1978a; Zierhut et al. 1979; Moazed and Noller 1987; Jerinic and Joseph 2000; Peske et al. 2004 ) was soaked into ribosome crystals for 24 h during cryo-stabilization.
Diffraction data were measured from one single crystal (Table  2) cooled to 93 K using 0.2°-0.3°oscillations at the SIBYLS (12.3.1) beam line at the Advanced Light Source, which is equipped with an ADSC Q315 area detector. Data were reduced and scaled using Denzo/Scalepack (Otwinowski and Minor 1997) and Truncate (Table 2; Collaborative Computational Project No. 4 1994) . The crystal diffracted X-rays anisotropically, as indicated by the completeness of the data set (Table 2 ) and signal-to-noise level as a function of resolution (not shown).
The 3.5 Å structure of the E. coli 70S ribosome (Schuwirth et al. 2005 ) was used as the starting model for further refinement in CNS (Brünger et al. 1998) . The model was first subjected to rigid body refinement against the antibiotic-bound data. Modeling of hygromycin B into difference electron density maps was carried out as follows. An initial model of hygromycin B was subjected to energy minimization and to a conformational search using Monte Carlo algorithms with Maestro (Schrö-dinger, LLC), then a drug conformation of minimum energy was chosen. The topology and parameter files describing the antibiotic model were generated with HIC-Up (Kleywegt and Jones 1998) . The model was manually docked into (F obs À F obs ) difference electron density maps, with apo-70S ribosomes as the reference and phases derived from Pirate density modification (Cowtan 2000) . The position of bases A1492, A1493 in 16S rRNA, A1913 in 23S rRNA, and other nucleotides in the antibiotic binding pocket were adjusted to fit the difference electron density. The model was then refined using rounds of manual rebuilding with O (Jones et al. 1991 ) and torsional dynamics (Brünger et al. 1998) . After torsional dynamics refinement, new electron density maps were generated using sharpened (3F obs À 2F calc ) coefficients (Brünger et al. 1998 ) and Pirate-derived phases (Cowtan 2000) , followed by twofold crystallographic averaging. The new map revealed asymmetric density for the first ring of hygromycin B that was best explained by rotating the ring 180°from its position in the model described by Brodersen et al. (2000) . This alternative model was also consistent with a minimum energy conformation of hygromycin B calculated with Maestro (Schrödinger, LLC). The refinement statistics are presented in Table 2 .
Toeprinting assays
The position of mRNA on the ribosome in translocation and reverse translocation experiments was determined by toeprinting, essentially as described ( Fig. 5 ; Shoji et al. 2006; Borovinskaya et al. 2007b) . All experiments were carried out in polymix buffer (Ehrenberg et al. 1990 ). Briefly, mRNA 292 (Shoji et al. 2006; Borovinskaya et al. 2007b ) (0.5 mM) annealed to a [ 32 P]-labeled RNA, Vol. 14, No. 8
Cold Spring Harbor Laboratory Press on October 17, 2017 -Published by rnajournal.cshlp.org Downloaded from primer was added to ribosomes depleted of protein S1 (0.7 mM), along with deacylated tRNA fMet (1 mM), and incubated at 37°C for 20 min to allow tRNA fMet to bind the ribosomal P site. The PRE complex was then formed by adding N-acetyl-Val-tRNA Val (to 1 mM) and incubating at 37°C for 10 min to allow this tRNA to bind the ribosomal A site. The resulting complex was then diluted by 20% into polymix buffer containing GTP (0.3 mM) and EF-G (1 mM), and incubated at 37°C for 10 min to form a POST complex. Finally, the POST complex was diluted by 10% in the presence of either water, or saturating (Cabañas et al. 1978a,b; Misumi et al. 1978; Zierhut et al. 1979; Moazed and Noller 1987; Jerinic and Joseph 2000; Peske et al. 2004 ) concentrations of either hygromycin B (0.08 mM), neomycin (0.1 mM, Sigma), gentamicin (0.36 mM, Fluka), or paromomycin (0.1 mM, Sigma), and incubated for 10 min at 37°C. Aliquots were removed for primer extension analysis at each stage of complex formation.
For primer extension reactions, each aliquot above was treated with AMV reverse transcriptase, and extension products were resolved by 6% (v/v) polyacrylamide denaturing gel electrophoresis, as described (Shoji et al. 2006 ). Toeprints were quantified using a phosphorimager (Molecular Dynamics) as follows. The percentage of POST complex was calculated as %POST=1003 (post)/(pre+post), where pre and post are intensities of toeprints corresponding to PRE and POST complexes, respectively. The PRE complex corresponds to the sum of toeprints at positions +16 and +17 on the mRNA, whereas the POST complex corresponds to the toeprint at +19 on the mRNA (Hartz et al. 1989) .
To measure the rate of spontaneous reverse translocation (Shoji et al. 2006) , the P-site binding complex was formed as described above, using N-acetyl-Val-tRNA Val (1 mM). Reverse translocation was initiated by adding deacylated tRNA fMet (8 mM) to bind the E site at time t = 0, and the reaction was incubated at 37°C. The antibiotics were also added at time t = 0 at the concentrations noted above. A 2-mL aliquot was removed at each time point and immediately added to 10 mL of prewarmed extension mix and further incubated at 37°C for 2 min. The extension products were resolved by 6% (v/v) polyacrylamide denaturing gel electrophoresis as described above. The fraction of POST complex at time t, F(t), was determined by calculating F(t) = [(post)/(pre + post)]/ F p , where F p is the equivalent value derived from the P lane. The data were then plotted as a function of time and fit to the single exponential function: F(t) = [F 0 + A 3 exp(Àk obs 3 t)], where A and k obs are an amplitude and an observed rate constant, respectively (Table 1 ; Shoji et al. 2006) . The validity of fitting the reaction kinetics to a single exponential was deciphered based on the residuals, i.e., the differences in observed and calculated values (not shown).
Figure preparation
The figures were made using programs Ribbons (Carson 1997) , ISIS Draw (MDL Information Systems, Inc.), Origin (OriginLab) and Adobe Photoshop (Adobe Systems, Inc.).
Accession codes
The coordinates and structure factors for the 70S ribosome in complex with hygromycin B have been deposited in the Protein Data Bank with accession codes 3DF1, 3DF2, 3DF3, and 3DF4.
